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Review of Lukkes et al.
It has become increasingly clear that
stressful early life events adversely affect
a person’s physical and mental well be-
ing in later life, and can eventually lead
to the development of mental disorders
such as depression, anxiety, or drug de-
pendence. Such early life events are
hypothesized to trigger long-lasting changes
in specific neurocircuits, but the nature
of this neuroplasticity is not fully under-
stood. Because both the corticotropin-
releasing factor (CRF) and serotonin
brain systems are strongly implicated in
anxiety-related behaviors, their interac-
tion may play a crucial role in the induc-
tion of persistent behavioral changes by
stress.
Thedorsal raphenucleus (dRN) isoneof
the brain siteswhere critical interactions be-
tween the CRF and serotonin systems may
occur. CRF afferent fibers are present at all
rostrocaudal levels of the dRN, where their
presynaptic terminals contact dendrites of
both GABAergic and serotonergic neurons
[see the study byWaselus et al. (2009) and
references therein]. However, CRF does
not activate the same type of receptors on
these two populations (Fig. 1). Activation
of CRF2 receptors stimulates serotonergic
neurons, whereas activation of CRF1 recep-
tors intensifies the tonic inhibition of sero-
tonergic neurons by GABAergic afferents
(Kirby et al., 2008). Accordingly, low doses
of CRF, which preferentially activate CRF1
receptors, reduce discharge rates of dRN se-
rotonergic neurons and thereby reduce se-
rotonin release in dRN target regions. In
contrast, higher doses of CRF activate CRF2
receptors, resulting in increased serotonin
outflow [see the study by Waselus et al.
(2009) and references therein] (Fig. 1).
Interestingly, the dual action of CRF on
dRN serotonergic neurons has behavioral
correlates, as revealed by the differential
response to stressors engaging distinct
CRF receptor subtypes. For instance, ex-
posure to an acute swim stress activates
dRN GABAergic neurons through CRF1
receptors, inhibits serotonin efflux in dRN
projection areas, and promotes an active
coping strategy (swimming). In contrast,
repetitionof the swimstressor exposure toa
more intense stressor (e.g., uncontrollable
shock, or social defeat) directly activates
dRN serotonergic neurons through CRF2
receptors, stimulates serotonin release in
limbic targets, and promotes passive coping
strategies (floating, escape deficits, or freez-
ing) [see the study by Waselus et al. (2009)
and references therein and the study by
Cooper and Huhman (2007)]. The limbic
regions inwhich extracellular serotonin lev-
els increase following activation of dRN se-
rotonergic neurons by CRF include the
lateral septum, the basolateral and the cen-
tral nuclei of the amygdala, and the nucleus
accumbens [see the study by Lukkes et al.
(2009a) and references therein]. In addi-
tion, dRNactivation leads to increased sero-
tonin release in themedial prefrontal cortex
(mPFC), which is strongly connected to
these limbic regions (Forster et al., 2008).
Differential serotonin outflow into limbic
and associated structures could therefore
play a role in the expression of distinct cop-
ing strategies (Fig. 1).
A related mechanism for the switch
from inhibitory to excitatory effects of
CRF on dRN serotonergic neuron activ-
ity, and accordingly for the transition
from active to passive stress coping strat-
egies, has been recently proposed. Expo-
sure to acute swim stress produces a
redistribution of CRF receptors within
dRN neurons, in which CRF1 receptors are
internalized and CRF2 receptors are re-
cruited at the plasma membrane (Waselus
et al., 2009). This trafficking requires the
initial activation of CRF1 receptors, but
ultimately potentiates CRF2-mediated
signaling and decreases CRF1-mediated
signaling. In accordance with this finding,
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early life social isolation alters the seroto-
nergic response to CRF infusions into the
dRN of adult rats. Isolation stress not only
eliminates inhibition of dRN serotonergic
neurons by low doses of CRF that activate
CRF1 receptors in group-reared rats, but
also potentiates stimulation of dRN sero-
tonergic neurons by high doses of CRF
that activate CRF2 receptors (Lukkes et al.,
2009b).
An elegant study by Lukkes et al.
(2009a) published recently in The Journal
of Neuroscience provides evidence that the
recruitment of dRN CRF2 receptors in-
duced by severe stress is long-lasting and
has behavioral repercussions that can be
detected long after the stressor has termi-
nated. Lukkes et al. (2009a) show that
microinjection of a CRF antagonist (D-
Phe-CRF(12-41)) into the dRN reverses the
social anxiety-like behavior displayed by
adult rats (postnatal day 61) that had been
subjected to social isolation during ado-
lescence (between postnatal days 21 and
42), as assessed by threemeasures of social
interaction [Lukkes et al. (2009a), their
Fig. 3]. Vehicle-pretreated isolates took
longer to approach an unfamiliar rat,
spent less time in social contact and spent
more time freezing than their group-
reared counterparts. In isolated rats,
D-Phe-CRF(12-41) microinjected into the
dRN reduced the latency to approach the
unfamiliar rat, increased the duration of
social contact, and decreased the duration
of freezing. These findings were specific to
the dRN, because infusion of the CRF an-
tagonist into adjacent sites was not effec-
tive [Lukkes et al. (2009a), their Table 1].
Because D-Phe-CRF(12-41) has a 2–10
times higher affinity for the CRF2 receptor
compared with the CRF1 receptor [see the
study by Lukkes et al. (2009a) and refer-
ences therein], these data indicate that the
social anxiety observed in rats exposed to
a severe stress at a young age results from
the persistent recruitment of dRN CRF2
receptors in adulthood. While CRF2 re-
ceptors had never been clearly linked to
social anxiety-like behaviors [see the
study by Zhao et al. (2007) and references
therein], Lukkes et al. (2009a) show that
they reduce social interaction by mediat-
ing passive submissive behaviors, such as
freezing.
Interestingly, microinjection of the
CRF antagonist into the dRN did not alter
the behavior of the group-reared rats
[Lukkes et al. (2009a), their Fig. 3], which
indicates a minimal contribution of CRF
neurotransmission within the dRN to so-
cial interaction under basal conditions.
According to the literature, inhibition of
dRN CRF receptors in unstressed animals
would mostly block CRF1 signaling and
thereby release the tonic inhibition of se-
rotonergic neurons by GABAergic affer-
ents. The associated increase in serotonin
release in dRN projection areas would be
expected to promote social anxiety-like
behavior. The lack of effect of the CRF
antagonist in group-reared rats suggests
that the social interaction test does not
trigger CRF release in the dRN of un-
stressed animals.
CRF afferents to the dRN may be part
of a complex neurocircuit involving the
amygdala, dRN, andmPFC.CRF afferents
to the dRN from the central nucleus of the
amygdala (CeA) control serotonin release
in the mPFC through activation of CRF2
receptors (Forster et al., 2008). Repeated,
chronic, and/or intense stressorsmay pro-
duce neuroadaptations in the CeA that
would lead to a sustained release of CRF
into the dRN, thereby activating dRN
CRF2 receptors and increasing serotonin
signaling in limbic and associated struc-
tures. When a subject experiences a con-
trollable stress, the mPFC represses the
activation of dRN serotonergic neurons,
thereby limiting the behavioral impact of
stress exposure.However, in the case of an
uncontrollable stressor the mPFC does
not exert this inhibitory control (Amat et
al., 2005). Repeated, chronic, and/or in-
tense stressors may be perceived as un-
controllable, which may in turn lead to
mPFC inactivation, increased dRN sero-
tonin activity, and passive coping strate-
gies (learned helplessness).
The finding that early life stress persis-
tently converts an inhibitory CRF–seroto-
nin interaction into a stimulatory one
(Lukkes et al., 2009a) has important impli-
cations for the currentlydebatedquestionof
how genes and environment interact in de-
pression. An epidemiological study origi-
nally reported that adverse events in early
life predict a diagnosis of depression in
adulthood only in carriers of the short allele
of the serotonin transporter-linked poly-
morphic region (5-HTTLPR), who express
lower levels of the serotonin transporter
(Caspi et al., 2003). Although a recentmeta-
analysis did not detect such an interaction
between the 5-HTTLPR genotype and
stressful life events on depression (Risch et
al., 2009), the study of Lukkes et al. (2009a)
indicates that the anxiogenic effects of early
life stress are mediated by CRF-induced ac-
tivation of the dRN, a major serotonergic
nucleus. In line with this finding, early ad-
Figure1. Schema representingCRF-serotonin interactions in thedRNand their regulationby stress exposure. In thebasal state
(top diagram), dRN serotonergic neurons are tonically inhibited by GABAergic afferents, which limit the release of serotonin into
dRN target brain regions. Exposure to an acute stressor (middle diagram) triggers the release of low levels of CRF into the dRN,
which activate CRF1 receptors and potentiate GABAergic transmission, thereby resulting in reduced serotonin levels in dRN limbic
targets and active behavioral responses to stress. Exposure to stress also produces a redistribution of the CRF receptors expressed
by the different neuronal populations of the dRN: CRF1 receptors carried by nonserotonergic neurons internalize while CRF2
receptors are recruited at the surface of serotonergic neurons and their level of expression increases (middle vs bottomdiagrams).
Repetition or intensification of the stressor triggers the release of higher levels of CRF into the dRN, which now activate CRF2
receptors and stimulate the activity of serotonergic neurons, thereby leading to a massive serotonin efflux in targeted limbic
structures and passive stress-coping strategies (learned helplessness).
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versity in the formofpeer rearing, insteadof
mother rearing, produces a stronger ACTH
response and a lower cortisol response to
separation stress in female rhesus monkeys
carrying the short allele of the 5-HTTLPR
(Barr et al., 2004). Stress-induced recruit-
ment of the amygdala and subsequent
activation of dRN CRF2 receptors could
explain the latter observation, since the
amygdala facilitates the activation of the
hypothalamic-pituitary-adrenal axis by
dRN serotonergic neurons (Weidenfeld et
al., 2002). These findings, together with the
data of Lukkes et al. (2009a), highlight the
central role of serotonin neurotransmission
in the vulnerability to the consequences of
early life stress on adult physiology and
behavior.
The study by Lukkes et al. (2009a)
opens new perspectives for studying the
interaction between theCRF and the sero-
tonin systems in psychiatric disorders in
which stress plays a triggering role, such as
posttraumatic stress disorder, major de-
pression, or drug addiction. Interestingly,
preliminary findings suggest that a paral-
lel can be drawnbetween the effect of early
life social isolation and repeated amphet-
amine exposure, because they both induce
a long-lasting increase in the level of CRF2
receptors expressed in the dRN (Pringle et
al., 2008; Lukkes et al., 2009b). In addition,
increased extracellular serotonin levels in
limbic structures targeted by the dRN, as
modeled in knock-out rats deficient in the
serotonin transporter, is not only associated
with anxiety- and depression-like pheno-
types, but alsowith an increasedmotivation
to self-administer cocaine (Homberg et al.,
2008).
In conclusion, long-lasting facilitation
of CRF2 signaling in the dRN may well be
themissing link in the pathological mech-
anism bridging increased serotonin and
CRF neurotransmission in stress-related
psychiatric disorders. As discussed above,
innate upregulation of the serotonin
system could confer vulnerability to the
effects of early life stress. Conversely, ge-
netic factors in the CRF system may lead
to increased recruitment of the serotonin
system. Such interactions between brain
systems may provide new paths for thera-
peutic treatment of stress-induced affec-
tive disorders.
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